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a b s t r a c t 
A newly established scaling of the ELM energy fluence using dedicated data sets from JET operation with 
CFC & ILW plasma facing components (PFCs), ASDEX Upgrade (AUG) operation with both CFC and full-W 
PFCs and MAST with CFC walls has been generated. The scaling reveals an approximately linear depen- 
dence of the peak ELM energy with the pedestal top electron pressure and with the minor radius; a 
square root dependence is seen on the relative ELM loss energy. The result of this scaling gives a range 
in parallel peak ELM energy fluence of 10–30 MJm −2 for ITER Q = 10 operation and 2.5–7.5 MJm −2 for in- 
termediate ITER operation at 7.5 MA and 2.65 T. These latter numbers are calculated using a numerical 
regression ( ε II = 0 . 28 MJ m 2 n 0 . 75 e T 1 e E 0 . 5 ELM R 1 geo ). A simple model for ELM induced thermal load is introduced, 
resulting in an expression for the ELM energy fluence of ε II ∼= 6 π p e R geo q edge . The relative ELM loss 
energy in the data is between 2–10% and the ELM energy fluence varies within a range of 10 0.5 ∼ 3 con- 
sistently for each individual device. The so far analysed power load database for ELM mitigation experi- 
ments from JET-EFCC and Kicks, MAST-RMP and AUG-RMP operation are found to be consistent with both 
the scaling and the introduced model, ie not showing a further reduction with respect to their pedestal 
pressure. The extrapolated ELM energy fluencies are compared to material limits in ITER and found to be 
of concern. 
© 2017 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license. 






















The extrapolation of the ELM induced heat loads to larger de-
vices such as ITER, which are foreseen to be operated in type-I
ELMy H-Mode plasmas, is a crucial activity since it defines the op-
erational range of future devices as well as the need for mitiga-
tion techniques [1,2] . The usually cited material limit for ELM peak
divertor thermal impact is quoted to be 0.5 MJ/m 2 [3] . The latter
value is an energy fluence and typically related to a nominally
flat surface e.g. fully axisymmetric divertor target plates. Recent
work by Gunn takes into account the castellation of the ITER di-∗ Corresponding author. 
E-mail address: thomas.eich@ipp.mpg.de (T. Eich). 
1 See the Appendix of F Romanelli et al., Proceedings of the 25th IAEA Fusion 
Energy Conference 2014, Saint Petersburg, Russia. 
2 See the author list of “Overview of progress in European Medium Sized Toka- 
maks towards an integrated plasma-edge/wall solution” by H. Meyer et al., to be 
published in Nuclear Fusion Special issue: overview and summary reports from the 










2352-1791/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article uertor and finite ion orbit effects causing tungsten monoblock edge
elting for the estimation of an acceptable ELM energy fluence in
TER [4] . 
In this work we take a pragmatic approach in assessing the heat
oad in future devices. We focus solely on the peak of the ELM
nergy fluence profile as this quantity will define the operational
ange and compares directly to the material limits. The ELM en-
rgy fluence profile is the temporal integration of the ELM heat
ux profiles over the ELM duration (typically between 0.75 ms and
 ms) [5] . 
The numbers for the peak ELM energy fluence have to be com-
lemented by knowledge on the timescale of the ELM heat loads.
arious works have investigated the ELM time scales for power
oads in JET, ASDEX Upgrade (AUG) and MAST [6] . Here we will
nly summarize these findings as the database used for the new
tudies and presented in this paper are largely identical [7] . 
The analysis uses a new approach that directly compares the
edestal top plasma quantities, relative ELM losses and peak ELM
nergy fluence on the outer divertor target plates. A description ofnder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Profiles of the ELM target energy fluence for 10 individual ELMs and an av- 
eraged profile (black line) for each device, which is MAST (#30,378), AUG(#32,338) 



















































































he experimental approach and the database is given in Section 2 .
n Section 3 the data will be used for regression studies. Equipped
nd motivated by the regression law for the ELM peak energy flu-
nce, we introduce a simple model in Section 4 that explains the
ain characteristics of the newly found scaling, notably enabling
ot only the correct parametric dependence but also shows fair
greement with the absolute range of values. The major uncer-
ainty of both the regression and the model is the variation of
 factor ∼3 due to the ELM loss size which will be discussed in
ection 5 . Section 6 will briefly appl y the model prediction to a
elected discharge with ELM mitigation. Section 7 will compare to
he material limits in ITER and provide a more general discussion. 
. Measurements and data base for JET, MAST and ASDEX 
pgrade 
The work presented here uses measurements of the pedestal
op density and electron temperature taken from ECE and TS for
ET and TS solely for AUG and MAST. These profiles are fitted us-
ng the standard fitting techniques for pedestal profiles, e.g. see
8–10] . All data are in Lower-Single-Null configurations with the
on BxGrad(B) drift direction downwards. Here we only use the
edestal top electron density and the pedestal top electron tem-
erature in a time window just prior to the ELM. The relative ELM
nergy loss is calculated by using diamagnetic measurements for
ET on the plasma stored energy at the beginning and the end of
he ELM event. For AUG and MAST the W MHD is used from equilib-
ium reconstruction. Additionally only global discharge parameters
ike the toroidal and poloidal magnetic field at the outer mid plane
nd plasma geometry enter our analysis. 
Fig. 1 shows an example of the divertor ELM peak energy flu-
nce profile for each device [5–7,11] . The ELM energy fluence, εII ,
s calculated by integrating the heat flux profile measured by infra-
ed (IR) thermography for the duration of an ELM event (definition
ee [7] ). 
 II ( s ) = 
∫ 
t _ ELM 
q II ( s, t ) dt Table 1 
Survey on discharge parameters for the five data sets us
B tor I p q 95 R 
Unit T MA – m 
JET-C 1.5–3.2 1.5–3.5 2.7–5.3 2.9 
JET-ILW 1.0–3.1 1.0–3.5 2.6–6.1 2.9 
AUG-C 2.0–2.5 0.8–1.2 3.8–4.8 1.62 
AUG-W 2.5–2.6 0.8–1.1 3.6–4.9 1.62 
MAST 0.4–0.55 0.39–0.44 3.0–5.1 1.02 q II = q di v − q 0 
sin ( αdi v ) 
ε peak 
II 
= max ( ε II ( s ) ) 
The inclination angle of the field lines onto the divertor tar-
et is denoted as αdiv . It should be noted that this procedure is
erformed for coherently averaged ELMs using the time of peak
ower as the common reference time and subtracting the inter-
LM heat flux profile q 0 . We compare the divertor ELM peak en-
rgy fluence with pedestal measurements, which are recorded by
homson-Scattering (TS) at a comparably low temporal resolution.
ll data points correspond to the period between 75 and 95% of
he ELM cycle. An extension towards single ELM analysis is not en-
isaged here due to the low temporal TS resolution for all devices.
A survey of the discharge parameters and pedestal parameters
s given in Table 1 . We distinguish here between JET-C with car-
on plasma facing components (PFCs), JET-ILW with ITER-like-wall
ILW) operation, AUG-C for ASDEX Upgrade operation with car-
on wall (both divertor and first wall) and AUG-W for the opera-
ion with solely tungsten as PFCs. MAST operates only with carbon
FCs and provides a further benchmark to the model since it has
a) comparably low pedestal temperatures and (b) is a spherical
okamak. 
The time scales of the ELM heat load in the divertor were in-
ensively studied by using the presented database [5,7] . An earlier
escription is given by work from ASDEX Upgrade, MAST and JET
y Herrmann [6] . Latter studies conclude that the rise time of the
LM heat pulse will be τ rise = 250 μs in ITER, given by the sound
peed of 4700 eV pedestal ions and the connection length from the
utboard mid plane to the divertor in the burning plasma scenario.
he heat pulse is described in fair approximation by a triangular
aveform with a decay time τ decay = 2 × τ rise in line with the
ree-streaming-particle approach [12,13] . We briefly note that the
ork providing the material limits [3,4] also used the power load
emporal shape defined by τ rise = 250 μs and τ decay =500 μs. 
For lower values of the pedestal temperature at half field/half
urrent, the rise time is increased by the factor 
√ 
4700 eV/ 2350 eV = √ 2 as
t refers to the ion sound speed ( c s ∼
√ 
T i + T e ) to reflect the smaller ion
hermal speed resulting in 350μs. As this number enters only with
 square root dependence for the material limit due to the under-
ying thermal expansion (e.g. causing cracking) the overall relief is
nly about 4 
√ 
2 ≈1 . 2 and, as a result, is ignored for further discussion.
. Empirical scaling of the ELM energy fluence 
We apply standard least square fitting techniques to derive a
egression law for the parallel ELM energy fluence. Uncertainties
f the heat flux measurements do not enter the statistical anal-
sis. As regression parameters, we chose the pedestal top electron
ensity n e,ped , the pedestal top electron temperature T e,ped , the rel-
tive ELM size ( E ELM = E ELM /W Plasma ) and for the linear machine
imension both the geometrical major radius R geo and a geo . Using
he ansatz for best fitting 
 II = C ε ∗n αe,ped T βe,ped E 
γ
ELM 
R δgeo (1) ed in this work. 
A n e,ped T e,ped E # 
M 10 19 m −3 keV % –
0.94 2.7–7.4 0.5–2.3 2.7–9.5 40 
0.93 1.9–8.8 0.3–1.3 3.0–9.4 96 
0.5 3.6–4.2 1.2–1.7 3.3–7.2 3 
0.5 3.6–6.0 0.6–0.9 4.0–6.6 11 
0.53 2.3–3.9 0.1–0.2 1.8–6.6 24 
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Fig. 2. Regression of the outer divertor parallel ELM energy fluence for JET, MAST 
and AUG as parameterized in Eq. (2 ). A good description of the data is achieved 
with a systematic span of about a factor of ∼3. Both ITER operational points are 
shown and result in 16.3 MJ/m 2 for Q = 10 (15 MA/5.3 T) and 4.9 MJ/m 2 for half 



































































i  results in the following empirical scaling (R 2 = 0.82) for the parallel
ELM energy fluence with the density n e,ped expressed in units of
[10 20 m −3 ], T e,ped in [keV], E ELM in [%] and R geo in [m]. 
ε II = 0 . 28 ± 0 . 14 MJ 
m 2 
× n 0 . 75 ±0 . 15 
e,ped 
× T 0 . 98 ±0 . 1 
e,ped 
× E 0 . 52 ±0 . 16 ELM × R 1 ±0 . 4 geo 
(2)
Fig. 2 shows a comparison of the measured data and the data
calculated using Eq. (2) . Repeating the exercise with the minor ma-
chine radius, a geo, results in practically the same powers in the
scaling (R 2 = 0.83) except for the constant that is about a factor
R geo /a geo larger: 
ε II = 0 . 90 ± 0 . 29 MJ 
m 2 
× n 0 . 74 ±0 . 15 
e,ped 
× T 0 . 96 ±0 . 1 
e,ped 
×E 0 . 5 ±0 . 15 ELM × a 1 . 05 ±0 . 38geo 
(3)
From Eqs. (2) and ( 3 ) we see that the ELM energy fluence is
about proportional to pedestal top pressure as well as to the linear
machine size and dependent on the square root of the relative
ELM size. As an explanation for this we assume that the divertor
heat load is dominated by parallel transport of reconnected or
edge ergodized flux tubes. This is in line with JOREK simulation
[14,15] as well as earlier experimental work on the ELM heat load
deposition pattern [16] . Once a flux tube connects the pedestal topTable 2 
Survey on extrapolations to ITER for the ELM parallel pea
observed relative ELM loss energies. Also included are th
following the model predictions. 
ITER, B tor = 5.3T, I p = 15 MA (Q = 10) 
n e,ped = 8 × 10 19 m −3 T e,ped =4700 eV 
Regression studies ( Section 3 ) 
E = 10% 22.53 MJm −2 
E = 5.4% 16.3 MJm −2 
E = 2% 9.7 MJm −2 
Model prediction ( Section 4 ) 
3:1 28.1 MJm −2 
2:1 18.8 MJm −2 
1:1 9.4 MJm −2 egion with the divertor plate through ergodized field lines, the
edestal volume drains towards the divertor target plates deposit-
ng there the major fraction of the ELM loss energy that is given
y the pedestal pressure (which can be written in units of [Jm −3 ])
nd the length of the flux tube in the pedestal region (which is
n the unit of [m]). Since we compare the peak energy fluence
o the top ( peak ) pedestal values for n e and T e , we reveal a clear
orrelation. Finally we note that using the pedestal top electron
ressure, relative ELM size and minor radius we get a scaling ε ∼
 
0.9 E 0.5 a 1 . The remaining scatter of the data is in the range of
3. We will come back to this remaining uncertainty in Section 5 . 
The product of the machine size, e.g. the minor radius, and
he pedestal pressure will give a quantity with the dimensions
 e ×a geo = [Jm −3 ] × [m] = [Jm −2 ]. As a result of the regression anal-
sis, we construct a model for the absolute peak ELM energy flu-
nce on the basis that it is described by the product p e ×a geo .
his leaves us with the square root dependence to be discussed
n Section 5 in conjunction with the remaining scatter of the data
f about a factor of 3 which is notably small compared to the
chieved range of about 100 for the quantity of interest. 
The extrapolation to ITER conditions is summarized in
able 2 both for Q = 10 (15 MA/5.3 T) and half field/half current
7.5 MA/2.65 T) parameters. As the pedestal values for ITER are dis-
ussed in this contribution, we only vary the relative ELM size,
ith the results summarized in Table 2 . The relative ELM sizes
hosen are the lowest, the mean and the highest values in the
bserved data set. We note that the squre-root dependence should
e handled with care as outlined in more detail in Section 5 . 
The ELM peak energy fluence values, when extrapolated to ITER,
ange from about 10 MJm −2 to 30 MJm −2 as estimated by both the
egression studies as well as the model prediction. A typical con-
ersion factor due to the inclination angle of the castellated JET-
LW divertor between parallel and target heat fluxes is 10–12. Even
nder optimistic considerations using a conversion factor of 10 (as
n JET-ILW) and small natural ELMs of 2%, a resulting 1 MJm −2 ELM
eak energy fluence is found which is about twice the reported
aterial limit of 0.5 MJm −2 . We further discuss the implications in
ection 7 . 
MAST has a significantly different aspect ratio than JET or AUG.
his is in general a good way to get information on the de-
endence on R/a. Given this, it is striking that scaling with R geo 
 Eq. (2 )) and a geo ( Eq. (3 )) are nearly identical in all parameters.
t would be worthwhile to explore further which is the more rel-
vant variable. When we exclude the MAST data from the regres-
ion we find no significant change of the presented scaling nor for
he projected values in ITER. Surely a more sophisticated regres-
ion analysis is necessary including an adequate treatment of the
umber of available data and their uncertainties is required. The
omparison of the ELM energy fluence versus the ELM loss energy
n Section 5 shows a restricted coverage of the operational rangek energy fluence for the lowest, mean and highest 
e values for the lower, mean and upper boundary 
ITER, B tor = 2.65T, I p = 7.5 MA 
n e,ped = 4 × 10 19 m −3 T e,ped =2350 eV 
E = 10% 6.7 MJm −2 
E = 5.4% 4.9 MJm −2 
E = 2% 2.9 MJm −2 
3:1 7.0 MJm −2 
2:1 4.6 MJm −2 
1:1 2.3 MJm −2 

















































Fig. 3. Model prediction versus the database. The bottom numbers gives typical 
pedestal parameters. Some of the few available data points from the inner divertor 







































t  hen compared to JET. Without identifying the reason or hidden
arameter for the remaining factor ∼3, here and in the next sec-
ion, we assume not be able to resolve if R geo or a geo is the more
ppropriate quantity. 
. Model for the ELM peak energy fluence 
In the following section we construct a simple model for
he peak ELM energy fluence. To be applicable to the presented
atabase showing estimates from three different machines and 5
ifferent divertor geometries, we choose a model for the energy
uence parallel to field lines. Basically all we are doing is a power
alance for a toroidally uniform volume that spans a radial region
f a small width d around the pedestal top position. We assume
his volume to be connected along field lines due to ergodization
o the divertor target plates. In such a situation, similar to the
dea of the plug-in model by Janeschitz [17] , the energy in the
ffected volume will be emptied by parallel transport. The time
cale of the energy arriving at the target plate will be given by
he free-streaming-particle approach [12,13] already mentioned in
ection 2 . 
The ELM peak energy fluence on the divertor target is given by
he energy, E ped,top , in a toroidally uniform volume defined by two
ux surfaces at a distance ±d/2 around the pedestal top position,
 ped,top , which is divided by the corresponding area, A target : 
 target = 
E ped,top 
A target 
= V ped,top 3 n e,ped,top T e,ped,top 
2 πR target d f x 2 
(5) 
ith f x being the flux expansion. An additional factor of two is
ound in the denominator to account for the existence of two di-
ertor targets (outer/inner). Additionally some simplifications are
ntroduced which could easily be replaced. However, to under-
ine the heuristic nature of our attempt we use T e = T i , Z eff= 1,
 target = R inner = R outer = R geo . 
The volume is defined as 
 ped,top = 2 πR geo × 2 πa geo ×
√ 
1 + κ2 
2 
× d × equi (6) 
The quantity equi is a geometrical factor calculated from mag-
etic equilibrium reconstruction, which is about 1.9 for both AS-
EX Upgrade and JET and about 2.3 for MAST. The plasma elon-
ation is denoted as κ. We use B tor and B pol for the toroidal and
oloidal magnetic field at the outer mid plane and express the par-
llel energy fluence as 
 II = ε target · sin −1 ( αdi v ) = ε target ·
B tor 
B pol 
· f x (7) 
We now combine Eqs (5 + 6 + 7) to arrive at: 
 II = equi · 2 πa geo 
√ 








Eq. (8 ) resembles both the linear dependence on the pedestal
ressure as well as the linear dependence on the machine dimen-
ion. Noting that for our three devices equi is about ∼2 and that




· a geo 
R geo 
· B tor 
B pol 
we
ewrite Eq. (8) in a compact form as 
 II 
∼= 6 π p e R geo q edge (9)
When defining a representative connection length for the edge
egion as L c =2 π R geo q edge we can express Eq. (9) alternatively as
 II = L c 3 p e 
equi ∼= L c 3 p e (10)2 The latter expression resembles the simple picture from which
e have started, though now highlighting the form of a single
ux tube reconnected to the target plates and snaking around the
edestal region. However, it should be noted that we do not de-
cribe a length in nature but still the volume of a flux tube pro-
ected on an area in the divertor and that the factor equi ∼2 is
ancelled out by the presence of the two divertor target plates. 
In other words we fill a flux tube of the above defined connec-
ion length with plasma and which drains to both targets equally.
ence the model is only dependent on the magnetic flux sur-
ace geometry given by the correction factor equi , describing the
idening between flux surfaces at the active x-point, but other-
ise only depends on the parallel connection length. Arriving here,
e note that the extra factor of 3 seen in the data possibly arises
or large ELMs because then the reconnected flux tube snakes for
p to three turns poloidally. This naive reasoning needs to be
hecked, of course, with sophisticated modelling attempts such as
sing the JOREK code. Fig. 3 shows a comparison of the database
ith the model prediction using Eq. (8) . In the figure we draw an
dditional line showing a 3 times larger estimate (3:1) than the
odel predicts (1:1) and find that all data falls within these 1:1
nd 3:1 lines. Thus we identify also a factor of three as found in
he empirical scaling law. Note that the model is an absolute pre-
iction. It gives a good description of the lower boundary of the
ata range for all three devices ranging more than a factor of 100
n ε II . Finally we clarify that the width d of the flux tube is not
elieved to be significantly changed at the outer mid plane region
ue to an ergodic process, as such a process is the result of very
mall changes in the radial magnetic field of the order B radial /B tor 
10 −3 . 
Table 1 shows the results of the model applied for the two ITER
ases. Comparing to the regression value we see that the lower
1:1) and upper model boundaries (3:1) are similar to the regres-
ion values for the largest and smallest ELMs in the database. 
. Remaining uncertainty due to the relative ELM size 
Here we present some more details on the remaining factor
f three and its correlation to the relative ELM size. The rela-
ive ELM size is defined as the ELM loss energy normalized to
he plasma stored energy E = E loss /W plasma . The regression studies
88 T. Eich et al. / Nuclear Materials and Energy 12 (2017) 84–90 
Fig. 4. The distribution of the relative ELM size versus the proximity to the model. 
The data are unequally distributed spanning a triangle. As a consequence the re- 







































































































s  give a square root dependence on E. The remaining uncertainty
of the regression values when applied to the database is slightly
less than a factor of 3. The model prediction does not account for
the actual ELM loss energy but gives a lower value for all observed
data, notably also leaving an uncertainty of a factor of about 3.
Fig. 4 shows the measured εII normalized to the model predic-
tion εII,model versus the relative ELM size. It can be seen that the
distribution of the ELM sizes versus the normalized parallel ELM
energy densities is unequally filled. Data close to the 3:1 line are
rare and only existent for large ELMs, with relative ELM losses at
about 7–9%. Interestingly data at the 1:1 ratio of measured versus
model data, the points fill out the entire range of ELM size from
1.7% towards the highest number at about 10%. This triangle-like
distribution is of importance to understand the regression results.
The regression studies report ε II ∼
√ 
E which is possibly a statisti-
cal effect due data coverage. Dedicated scans of ELM sizes are de-
sirable while maintaining constant pedestal pressures as best as
possible, e.g. by moderate gas puffing. A further obvious candidate
is to check the conductive/convective fractions of the ELM losses
and of course the mode numbers of the ELM instabilities manifest-
ing themselves as striations. These mode numbers are experimen-
tally accessible by the so-called Quasi-Mode-Number from IR data
[18,19] . First attempts to order the data by conductive and con-
vective loss fractions at various neoclassical electron pedestal col-
lisionalities did not reveal a clear picture, possibly due the simul-
taneous change of the ELM instability at low collisionalities [20] . 
6. Application to ELM mitigated plasmas 
Fig. 5 (a) shows the time trace of the stored energy, W MHD ,
pedestal electron pressure p e,ped and the ELM induced parallel
energy fluence ε|| of an ELM mitigated discharge with Resonant
Magnetic Perturbation (RMP) [22,23] in ASDEX Upgrade (#32080,
B tor = − 2.5T, I p = 0.8 MA, P aux ≈ 7.5 MW). The yellow shaded ar-
eas indicate the periods in the discharge with active external mag-
netic perturbation., light blue is the reference period before RMP is
switched on. It is seen that all three quantities are reduced during
phases with external magnetic perturbation compared to the un-
perturbed phases. The reduction of ELM induced energy fluence ε|| 
is correlated to a reduction of the pedestal pressure. Fig. 5 (b) + 5(c)
shows the measured relative ELM loss energy parallel ELM energy
fluence in comparison to the model prediction. The database from
the unmitigated discharges in ASDEX Upgrade, MAST and JET are
shown for comparison. It is seen that both cases with and withoutxternal magnetic perturbation are captured within the prediction
f the model. The observed reduction of the ELM energy fluence
n the presence of external magnetic perturbations is explained
argely by a reduction in pedestal pressure. Therefore, studies for
LM mitigation should report on any reduction of the pedestal
ressure and assess the extent to which the ELM peak energy flu-
nce is reduced in comparison to the reduction of the pedestal top
ressure. An important result when assessing ELM mitigation (an
ncrease of the ELM frequency and a reduction of the ELM loss
ize) by our novel method is that the observed correlation of the
LM energy fluence to the pedestal pressure holds for all analysed
itigated discharges that were investigated so far including data
ith RMP in AUG and JET-EFCC . A limited number of MAST-RMP
LMs are also included and support the scaling, however, a larger,
ore extensive survey of RMP data should be made to validate
he result further across the full range of RMP applied data. Hence
e do not attempt to give a conclusion for ELM mitigation experi-
ents in general. For many more ELM mitigation experiments tar-
et heat load data are either not available or not published. This
s a research field that needs stronger support in the near future.
owever, we clearly state for all data analysed also in ELM miti-
ation experiments no exception was found outside the 1:1 – 3:1
hen applying our model. However, this is possibly due to the lim-
ted range ELM sizes (2–10%) achieved in the analysed experiments
ncluding the mitigation experiments. Data from JET with EFCC for
hich a reduction of the pedestal pressure is not observed also
o not show a reduction of the divertor ELM energy fluence. Work
rom JET using pellet injection also report that the peak heat flux
s unchanged for constant pedestal pressure [21] . 
. Discussion (implications for ITER) and conclusions 
We report here on two basic achievements when trying to ex-
rapolate the ELM heat load to future machines. The ELM parallel
eak energy fluence is well described by the pedestal top pressure,
he machine linear dimension and some proportionality to the rel-
tive ELM size with a remaining uncertainty of about ∼3. Addi-
ionally to this empirical result we constructed a model based on
n energy balance of a toroidally symmetric shell volume around
he pedestal top position that gives the lower boundary of the ob-
erved data in absolute terms and resembles the empirical para-
etric dependencies closely. This lower limit is given in a very
ompact form as ε II ∼= 6 π p e R geo q edge . 
The predicted numbers from the scaling presented here for ITER
n the Q = 10 scenario for the smallest uncontrolled ELMs observed
n the data base ( ∼2%) are around 10 MJm −2 for both the regres-
ion and the 1:1 model prediction, as shown in Table 2 . To relate
his to a surface heat load density on the ITER divertor targets re-
uires that the real geometry of the target be properly accounted
or. The original specification of a maximum E ELM = 0.6 MJ for
TER [2] , was based on the avoidance of full surface melting on
erfectly aligned, unshaped, castellated tungsten divertor targets.
t assumed, conservatively, that there would be no broadening of
he ELM wetted area compared with the inter-ELM width and that
here could be a maximum in-out asymmetry of a factor 2 be-
ween the peak ELM energy fluence arriving at the target strike
oints (based on sparsely available measurements). 
This limit must now be re-examined both in the light of the
ew scaling proposed here (for the outer divertor) and of progress
n the ITER tungsten divertor design, in which global target tilt-
ng and W monoblock front surface shaping is incorporated to pro-
ect misaligned edges arising from engineering tolerances. The cur-
ent shaping baseline includes a 0.5 ° global target tilt angle and a
ominal 1 ° bevel on the monoblock surface [24] , giving a worst
ase total angle of incidence of αout = 4.2 ° at the outer divertor
trike point for the baseline Q = 10 burning plasma equilibrium at
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Fig. 5. (a) Influence of external magnetic perturbation on the pedestal pressure and ELM energy fluence in ASDEX Upgrade discharges. Light blue denotes the reference time 
before RMPs are applied, yellow denotes the intervals used for analysis and with RMPs switched on. (b) Reduction of ELM loss size and (c) reduction of the divertor ELM 


















































i   95 = 3 (the angle is slightly steeper αout =4.7 at the inner tar-
et because of the higher target inclination). This gives a sin( αout )
 0.07 factor transforming parallel heat flux density to a projected
alue perpendicular to the outer target surface (sin( αin ) = 0.08 at
he inner strike point). Thus the ε|| = 9.7 MJm −2 obtained from the
egression for E = 0.02 in Table 2 would correspond to a peak
erpendicular load of ε⊥ ∼ 0.7 MJm −2 which is marginally close
o full surface melting for the expected burning plasma ELM tem-
oral waveform, taking into account that the steady state tungsten
urface temperature in the strike point region is expected to be of
rder 10 0 0 °C. For E = 0.1, ε|| = 22.5 MJm −2 from the regression
 Table 2 ), and ε⊥ ∼ 1.6 MJm −2 , yielding full surface flash melting
t every ELM, leading to severe and unacceptable damage of the
op surface after only a few plasma discharges [25] . 
At I p = 7.5 MA, the scaling predicts ε|| = 6.7 MJm −2 for E
 10%, giving ε⊥ < 0.5 MJm −2 (assuming the same q 95 ), opening
p the possibility that even the largest uncontrolled ELMs may
e marginally tolerable with regard to surface melting during the
on-active phase or early D or DT phase operation at half current.
t should be noted, however, that full surface melting may not ulti-
ately set the final limit on tolerable ELM sizes in ITER. Although
ndividual divertor monoblock shaping protects leading edges
etween toroidally adjacent units, new 3D ion orbit calculations in
upport of the ITER shaping design find that the toroidal gap edges
etween poloidally adjacent monoblocks can locally melt duringLMs, even if the top surface does not [4] . In addition, any asym-
etries between the inner and outer divertor ELM loading would
lso lower the allowed ELM energy drop. In fact, the database pre-
ented here is currently being extended to include data from the
nner divertor region for all three devices currently contributing to
he scaling. Very first results from AUG using some newer, dedi-
ated IR systems were already included in Fig. 4 and are in line
ith the prediction of the parallel ELM parallel peak energy flu-
nce onto the outer divertor. It is finally important to note that
aterial studies in which ITER-grade tungsten is subjected in elec-
ron beam facilities to large numbers of fast, low amplitude tran-
ients indicate that fatigue generated surface cracking can occur far
elow any melting threshold [26] . Ultimately, it is such mechanical
imits, which may set the allowable W ELM . 
In relation to the need reduce ELM target energy densities, new
easurements we have performed so far during ELM mitigation
xperiments are also found to follow the same scaling as for the
ncontrolled ELMs. The observed reduction of the ELM energy flu-
nce in the presence of external magnetic perturbation compared
o the situation without the perturbation is explained mostly by
 reduction in pedestal pressure due to the application of the
elds. 
To refine the scaling and better understand the controlling
hysics beyond the first result presented here, a better understand-
ng of ε ∼ E α (with α being between 0 and 1) is mandatory. This




























is particularly important in the sense that the new scaling pre-
dicts peak energy densities for high performance burning plasmas
which, for the smallest ELMs in the database, are not too far above
the limits dictated by surface melting. To reduce the energy flu-
ence to acceptable levels would, according to the scaling, require
Type I ELMs at the level of E = 0.1–0.5%, which are not naturally
observed. It may, however, be possible, to further reduce the target
energy fluence by buffering in a highly radiative divertor plasma
(which ITER must anyway achieve at Q = 10 if steady state power
flux densities are to be manageable), provided the initial ELM am-
plitude is sufficiently small. 
One of the highest priorities for further research in this area
in the near future is to examine Type-I ELM scenarios on current
devices (with confinement sufficient for Q = 10 operation on ITER)
and study whether conditions can be found with smaller ELMs ( E
< 0.5%) or in the presence of detachment and/or high SOL radiation
fractions to allow reduction of the ELM energy fluence. It is also
important that other devices add measurements to the database,
including if possible points for both inner and outer divertor. 
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